Introduction
Aberrations in endothelial cell (EC)-pericyte (PC) interactions are a feature of many vascular diseases ranging from the PC 'drop out' of diabetic retinopathy [1] , hereditary hemorrhagic telangiectasia [2] and several tumors [3] to the proliferation of the mesangial cells in glomerular disease [4] [5] [6] and ectopic recruitment of PCs to lymphatics in lymphedema distichiasis [7] . While insights into the molecular mechanisms of the interaction between the two cell types have accumulated over the last 5 years, many questions remain as to the physiology and pathology of PCs and their interaction with ECs, answers to which may lead to therapeutics for such vascular pathologies, as well as guide tissue engineering of microvessels for repair of damaged organs. As many behaviors of vascular cells are species specific, it is important to develop assays using human cells. Our laboratory has previously reported a system in which mixtures of human umbilical vein (HUV)ECs and human microvascular PCs can be suspended in a 3-dimensional (3-D) collagen-fibronectin protein matrix using a nonwoven polyglycolic acid (PGA) scaffold to prevent PC-mediated gel contraction. The gel may then be subcutaneously implanted into an immunodeficient SCID beige mouse host, after which the implanted vascular cells organize to form human microvessels that become perfused following spontaneous inosculation with host microvessels [8] . In this report, we demonstrate that when the ECs are transduced to express the antiapoptotic protein Bcl-2, this same 3-D system can be used for extended coculture of ECs and PCs in vitro during which the ECs form lumenized networks that recruit PCs and are themselves modified by the interaction.
Materials and Methods

Cell Isolation and Transduction of ECs
HUVECs and human placental PCs were each isolated and cultured as described [9, 10] or, alternatively in the case of HUVECs, purchased (Lonza, Walkersville, Md., USA). Human dermal microvascular endothelial cells (HMVECs) were purchased from the same vendor (Lonza). All cell types were used before passage 6. A retroviral vector encoding the D34A caspase-resistant form of Bcl-2 was used to stably transduce primary cultures of the ECs as previously described [11] ; the percentage of cells expressing Bcl-2 was >95% as assessed by intracellular staining and FACS analysis (data not shown). For fluorescence microscopic analyses, ECs and PCs were labeled with PKH67 green fluorescence lipophilic membrane dye and PKH26 red fluorescence lipophilic membrane dye (both from Sigma-Aldrich, Saint Louis, Mo., USA), respectively, as per the manufacturer's instructions. To label PCs for identification by transmission electron microscopy, we utilized Molday ION Rhodamine B (BioPAL, Worcester, Mass., USA), an ultrasmall paramagnetic iron oxide nanoparticle (USPIO) of 35 nm diameter that is positively charged for enhanced cellular uptake, as described by others [12, 13] . In brief, 100,000 PCs were plated in the well of a 24-well tissue culture plate in 0.5 ml of M199 containing 20% FBS, cultured overnight and then incubated for an additional 16 h under standard growth conditions (5% CO 2 , at 37 ° C) with 200 μg/ml of Molday ION Rhodamine B USPIOs, a concentration permitting optimal uptake by PCs as judged by Rhodamine B fluorescence. PCs were then rinsed twice with phosphate-buffered saline supplemented with 0.1 g/l Ca 2+ and 0.1 g/l Mg 2+ before incorporation into 3-D cultures.
Formation of 3-D Cultures
ECs, with or without PCs, were suspended in a solution of rat tail type 1 collagen (1.5 mg/ml; BD, Franklin Lakes, N.J., USA) and human plasma fibronectin (90 μg/ml; Millipore, Billerica, Mass., USA) in 25 m M HEPES and 1.5 mg/ml NaHCO 3 buffered M199 medium at 4 ° C, and the pH was adjusted to 7.4 using 0.1 M HCl. The suspension was then pipetted into 48-well tissue culture plates in a volume of 350 μl per well with a final cell number of 1.5 × 10 6 ECs ± 40,000 PCs. A non-woven PGA mesh (Concordia Fibers, Coventry, R.I., USA) was placed within the middle of the suspension, and the temperature was raised to 37 ° C in 5% CO 2 -air for 20 min to allow polymerization of the protein gel. The gel was then overlaid with 0.5 ml of medium [for HUVECs: M199 with endothelial growth supplement (50 μg/ml; Sigma-Aldrich) and 20% FBS; for HMVECs: Clonetics EGM-2-MV medium (Lonza)], which was changed every second day. The 3-D cultures were maintained for 7 days.
Imaging of 3-D Cultures
The cultures were followed in real time using an Axiovert 200 M Carl Zeiss microscope by phase contrast microscopy and, in experiments using PKH dye-labeled cells, by fluorescence microscopy. In experiments with unlabeled cells, staining was performed on paraformaldehyde-fixed whole mounts of the gel or on 14-μm-thick cryosections at specified time points. PCs were identified by staining with mouse anti-human NG2 primary antibody (ab83508; Abcam, Cambridge, UK) and Alexa Fluor ® 594-labeled goat antimouse secondary antibody (Invitrogen, Life Technologies, Grand Island, N.Y., USA), and ECs were identified by staining with fluorescein-labeled Ulex europaeus agglutinin I (Vector Laboratories, Burlingame, Calif., USA). Nuclei were counterstained with 4 ′ ,6-diamidino-2-phenylindole (DAPI). For electron microscopy, the matrices were washed in phosphate-buffered saline with Ca 2+ and Mg 2+ , processed in fixative [2% paraformaldehyde, 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.4 (Electron Microscopy Sciences, Hatfield, Pa., USA)] for 1 h at room temperature, then stored at 4 ° C in cacodylate buffer until processing. To process further, samples were postfixed in 1% osmium tetroxide in cacodylate buffer for 1 h at room temperature, followed by 1 rinse in cacodylate buffer, then 3 rinses in 50 m M sodium maleate buffer, pH 5.2. Samples were then en bloc stained with 2% uranyl acetate in the same maleate buffer for 1 h while protected from light, rinsed in distilled water 3 times and then dehydrated through a graded ethanol series. Following 3 rinses of propylene oxide, the specimens were embedded in Epon 812 and baked at 60 ° C overnight. Semi-thin (100 nm thick) and thin (60 nm thick) sections were then cut with a Leica UltraCut UCT microtome and further stained with contrast reagents (either toluidine blue or 2% uranyl acetate/lead citrate, respectively). USPIO-tagged PCs were identified in toluidine blue-stained semi-thin sections by light microscopy, and uranyl acetate-stained thin sections were subsequently viewed in a Tecnai 12 BioTwin transmission electron microscope at 80 kV. Images were taken using Morada CCD and iTEM (Olympus, Center Valley, Pa., USA) software.
Assessment of Cytoplasmic Dye Transfer between ECs and PCs
PCs were prelabeled with 2 ′ ,7 ′ -bis(2-carboxyethyl)-5(6)-carboxyfluorescein tetrakis(acetoxymethyl) ester (BCECF-AM; Sigma-Aldrich) before seeding in a gel. To do so, PCs were washed with Hank's solution and then exposed to BCECF-AM (10 μ M ) for 40 min at 37 ° C in 5% CO 2 -air. The BCECF-AM was then removed and the cells washed with Hank's solution before trypsinization for seeding into gels. ECs were labeled with PKH26 (Sigma-Aldrich) red fluorescence lipophilic membrane dye as described above. The gels were then assessed by fluorescence microscopy for costaining with ECs. The reverse labeling (ECs labeled with BCECF-AM and PCs with PKH26) was also carried out.
Quantification and Statistical Analysis
Quantification of cord networks within the 3-D matrix was carried out by taking random images through the matrix with phase contrast or fluorescence microscopy at low power using an Axiovert 200 M Carl Zeiss microscope. The images were then analyzed using Image J software to quantify cord length (total and average length), branching points (nodes), tube width and cord number. Differences between treatments were analyzed using an unpaired two-tailed Student t test.
Results
As assessed by phase contrast microscopy, untransduced HUVECs cultured in a 3-D matrix spontaneously assemble into cord-like structures that break down and disintegrate by 24-36 h as a consequence of apoptotic cell death (data not shown). However, ECs transduced to express Bcl-2 do not undergo apoptosis in the first 24 h under these conditions of culture. Suspensions of Bcl-2-transduced ECs still assemble into cords over the first 24 h, but these structures persist and, over the next several days, form central vacuoles which coalesce to form lumens within the cords. Qualitatively, these lumens progressively increase in diameter over several days ( fig. 1 ae) . However, by day 3, some of the larger lumens appeared to expand to the point that it was not possible to unambiguously conclude that the cells on either side of the 'lumen' were still part of the same structure. We excluded these structures from our analyses and, as a result, we consciously underestimated the true mean lumen diameter at later times. As a result, the lumen diameter appears to decrease from day 3 onwards.
When PCs are included in the gel, Bcl-2-transduced ECs again form a network of cords over the same time frame and then undergo a similar process of vacuolization resulting in lumen formation. However, neither the cords nor their lumens achieved a diameter as great as that seen with EC-only culture ( fig. 1 f) . This maintenance of narrow-diameter tubular structures was statistically significant on each day of culture and occurred with input cell numbers as few as 40,000 PCs compared to 1.5 × 10 6 ECs, about a 1: 37 input cell ratio ( fig. 1 f) . PCs appear to increase in number during the course of the experiment, reducing this ratio. Cultures initiated with greater PC numbers, i.e. above 40,000, showed evidence of rapid PC overgrowth and could not be analyzed.
Microscopy of fluorescently labeled living cells within intact gels reveals that PCs are recruited to and then remain associated with the EC cords ( fig. 2 b) . Coverage of the cords by PCs is not uniform but PC processes can be fig. 3 a, c) . The PGA scaffold required to prevent PC-mediated contraction of the gel is autofluorescent, complicating the assessment of interactions solely by epifluorescence microscopy. To avoid this complication and to enhance image resolution of the cellular structure, we utilized immunohistochemical staining of thick cryosections. The rigidity given to the matrix by the PGA mesh is advantageous for the preparation of such sections as it allowed the matrix to be lifted out of the well with minimal distortion. Immunohistochemical staining of sections confirmed that PCs associate with the EC cords ( fig. 3 a) , and the greater resolution of this technique confirmed that PCs extended processes around the EC cords ( fig. 3 c) . The narrow lumen formed by the EC cords could also be visualized by this approach ( fig. 3 b) . Morphometric analyses revealed that the recruitment of PCs also increases the arborization of the vascular network that is formed as assessed by cord number, cord length and branching points (nodes). Arborization increased with time and was maximal at day 4 ( fig. 4 ) ; by day 6, the networks showed evidence of disintegration.
In order to further address the fine structure of the interactions of PCs with ECs in this 3-D culture system, we analyzed the matrices by transmission electron microscopy. Although some ECs could be unambiguously identified by the presence of Weibel-Palade bodies, other ECs could not, and thus, it was sometimes difficult to distinguish ECs from PCs in transmission electron micrographs. Therefore, to facilitate the analysis, we prelabeled the PCs with iron oxide nanoparticles before suspension in the matrix ( fig. 5 b) . This did not impair PC viability or function, and transmission electron micrographs unambiguously indicated that investing PCs were able to form peg and socket junctions with ECs that had formed lumenized cords ( fig. 5 c) much as they do in vivo [14] . As electron microscopy revealed close EC-PC contact, we assessed if gap junctions could form between the ECs and PCs within the gel. Our laboratory has previously shown that BCECF-AM could be used to fluorescently label cy- toplasm of one cell type with the hydrolyzed product, BCECF [15] . If gap junctions are then formed with another cell type, labeled with a different fluor, BCECF will transfer to that cell and costaining will be seen. No transfer of fluorescent dye was observed in either direction (data not shown). When HMVECs, microvascular ECs, were used in place of HUVECs in the gel, networks ( fig. 6 a) were formed which lumenized via vacuolization ( fig. 6 b) . When cocultured with placental PCs, the lumens were again narrower over the time course of culture ( fig. 6 c) . Interestingly, the diameters of HUVEC versus HMVEC cords were not different from each other in either monoculture or coculture with PCs.
Discussion
Microvascular stability depends upon PC investment of lumenized EC structures, and abnormal PC-EC interactions underlie a number of vascular disorders. Cocultures, including mixed monolayers, transwell geometries and agarose migration assays, have been used to study these interactions, but the ECs in such geometries do not form a lumenized vascular network. ECs plated on Matrigel [16, 17] , a proangiogenic but incompletely defined tumor matrix that, unless depleted, contains a complex mixture of growth factors, form 'tubes' that rest on top of the gel rather than within a 3-D matrix. The effects of this system on PC behavior have not been reported. Here, we describe a simple system using a collagen/fibronectinbased gel to which other components can be added that allows better modeling of actual microvessel geometry over longer periods of time. In addition, the significant changes in gene expression that occur in the 3-D culture system compared to 2-D cultures may better reflect the in vivo setting [18] [19] [20] [21] [22] .
Coculture of HUVECs with bovine retinal PCs has been achieved over a similar time course, but required treatment of ECs with phorbol esters or hematopoietic stem cell cytokines [23, 24] . Association of bovine retinal PCs with HUVEC cords was seen without matrix contraction, perhaps because human placental PCs are more contractile than bovine retinal PCs. The system we *** *** describe allows cells with contractile force to be cocultured with ECs, and the modification of the ECs by Bcl-2 transduction allows interactions to be assessed over a longer period, without the introduction of pharmacological agents. The rigidity given to the gel by the PGA mesh also aids manipulation of the gel for fixation and sectioning. By observing the cells over a 7-day period, we found that PCs modify EC tubular networks, increasing arborization and preventing endothelial tubes from increasing in diameter. This effect of PCs is consistent with the vascular pathology seen in diseases with PC dropout such as diabetic retinopathy [1] and hereditary hemorrhagic telangiectasia [2] that are characterized by formation of ectatic naked endothelial vessels.
Although the transduction with Bcl-2 decreased the rate of apoptosis, we still observed disintegration of cords by 6 days. This loss of structures likely accounts for the decrease in arborization we observed from day 4 to day 6. While it is known that primary vasculature assembled in vivo undergoes pruning as part of the maturation process, we hesitate to interpret the loss of cords as an example of this process and propose that our model be used to focus on processes that occur during the initial assembly of lumenized microvessels. The need to optimize the starting number of PCs in our system to prevent PCs from overgrowing ECs does add the disadvantage that different PC:EC ratios, as seen in different vascular beds, cannot be studied. Flow-mediated effects are not incorporated into this system either. Whilst there were peg and socket junctions formed between ECs and PCs, an electrical connection between the two cell types was not demonstrated. This, along with the nonuniform coverage of the EC networks by PCs, suggests there may be a secreted factor that maintains the narrow lumen rather than this effect being a contact-dependent process.
Others have presented in vitro models for the study of ECs and PCs. An elegant system using coculture of human brain vascular PCs in the collagen bulk of a microfluidic circuit formed by lithography has recently been used to assess EC angiogenic sprouting [25] . The much simpler system we describe here uses a widely accessible supply of human vascular cells that behave in a consistent fashion yet still allows interactions between vascular cell types to be analyzed. The modifications we have introduced, particularly the reduction in EC apoptosis through Bcl-2 transduction and the inhibition of gel contraction via PGA stabilization, should be broadly applicable to cells from tissue-specific vascular beds. We demonstrate that our simple system allows the study of interactions between PCs and either macrovascular and microvascular ECs. In summary, we have refined a simple collagenbased 3-D system to study the stabilizing interaction of ECs and PCs during vascular assembly for several days by preventing matrix contraction with a PGA mesh. This system will allow interrogation of the signaling between the two cell types and matrix-stimulated responses to be studied in greater detail in vitro. grant KL2 RR024138. 
